Semiconductor nanowires featuring strong spin-orbit interactions (SOI), represent a promising platform for a broad range of novel technologies, such as spintronic applications or topological quantum computation. However, experimental studies into the nature and the orientation of the SOI vector in these wires remain limited despite being of upmost importance. Typical devices feature the nanowires placed on top of a substrate which modifies the SOI vector and spoils the intrinsic symmetries of the system. In this work, we report experimental results on suspended InAs nanowires, in which the wire symmetries are fully preserved and clearly visible in transport measurements. Using a vectorial magnet, the non-trivial evolution of weak anti-localization (WAL) is tracked through all 3D space, and both the spin-orbit length l SO and coherence length l ϕ are determined as a function of the magnetic field magnitude and direction. Studying the angular maps of the WAL signal, we demonstrate that the average SOI within the nanowire is isotropic and that our findings are consistent with a semiclassical quasi-1D model of WAL adapted to include the geometrical constraints of the nanostructure. Moreover, by acting on properly designed side gates, we apply an external electric field introducing an additional vectorial Rashba spin-orbit component whose strength can be controlled by external means. These results give important hints on the intrinsic nature of suspended nanowire and can be interesting for the field of spintronics as well as for the manipulation of Majorana bound states in devices based on hybrid semiconductors.
is proximized by a superconductor [10] [11] [12] , and is predicted to host Majorana zero modes when a Zeeman field is applied orthogonal to the spinorbit vector [13] [14] [15] [16] [17] . These modes, exhibiting a non-Abelian exchange statistics, may be used to encode topologically protected qubits 9, 18 . Despite the vast interest and the variety of new exotic phenomena based on SOI, experimental evidences regarding its origin in semiconductor nanowires and the vectorial dependence of the spin-orbit coupling are limited. Indeed, in quasi-1D systems, the electron properties are strongly affected by the surface states and the confinement potentials that depend on the nanowire geometry and position with respect to the underlining substrate 19, 20 . Confinement can strongly enhance the electron gyromagnetic ratio 21, 22 , and the contact between the nanowire and substrate is believed to induce an asymmetry in the confinement potential. In turn, this is the main source of the spin-orbit coupling, acting via the Rashba effect 23, 24 . Such an asymmetry causes the pinning of the spin-orbit field in the plane of the substrate, as demonstrated for nanowire quantum dots and for Majorana nanowires 20, 24, 25 . Additionally, the lack of spatial inversion symmetry in the crystal structure can introduce another spin-orbit contribution, namely the Dresselhaus SOI 26 . Furthermore, local internal electric fields, caused by the Fermi level pinning at the nanowire surface, can also give extra Rashba contributions 19 . In this work, we take a different perspective and investigate the SOI in freely suspended nanowires which are not expected to display any intrinsic electrostatic asymmetry. In this way, we are able to reestablish the natural geometrical degeneracies as the suspended wires offer an ideal platform for studying the intrinsic SOI. The vectorial dependence of the SOI on a magnetic field is investigated by tracking the weak anti-localization peak in the magnetoconductance at low temperature (50-200 mK), while rotating the magnetic field. WAL is a dampening of the weak localization (WL), i.e. the localization of charge due to constructive interference of electron waves along time-reversed paths, and it is induced by the presence of spin- Figure 1: a) Top: schematic illustration of a suspended InAs nanowire with a sketch of the four-terminal measurement setup. The nanowire is parallel to the x-axis and the substrate is in the x − y plane. Bottom: tilted false-color view and top view SEM images of a representative device. The two side gates SG1 and SG2 are used to induce electric fields inside the nanowire while keeping its carrier density constant. b, c) Example of a WAL trace taken with the magnetic field along the z-axis. In b) the measured resistance R at T = 50 mK; in c) the correction ∆G(B) to the conductance extracted from R is fitted with the 1D model expressed in eq. (1) giving l ϕ ∼ 300 nm and l SO ∼ 170 nm. d, e) Temperature dependence of the WAL. In d) WAL curves for three different temperatures are shown. In e) extracted values for l ϕ and l SO as a function of T .
orbit coupling [27] [28] [29] . While WL leads to a negative correction to the magnetoconductance, the WAL results in a positive one that depends on the electron spin relaxation. From the magnetic field dependence of these two competing effects, the relevant length scales over which spin and phase information are preserved, i.e. spin-orbit length l SO and coherence length l ϕ , can be extracted.
Our typical device is schematically shown in fig. 1a : a single suspended n-type InAs nanowire with two side gate electrodes (SGs), a global back gate (BG) and four ohmic contacts: source (S), drain (D) and two voltage probes. The wurtzite Se-doped InAs nanowires with hexagonal cross section are grown by Auassisted chemical beam epitaxy 30 . The suspension has been realized via the mechanical transfer of the wire onto a 200 nm thick PMMA layer placed over a SiO 2 /n-Si substrate. The PMMA is then crosslinked at the two nanowire edges while it is dissolved in the middle to provide the suspension. Subsequently, the four ohmic contacts are fabricated by electron beam lithography and Cr/Au evaporation (10/100 nm).
The magnetotransport measurements were performed in a filtered dilution refrigerator at temperatures down to 50 mK, using a standard 4-wire lock-in technique. A quasi-DC current excitation of I SD = 10 nA and frequency f SD = 129.49 Hz is used to prevent electron heating effects while a three-axis vectorial magnet is used to investigate the WAL as a function of the magnetic field orientation. Based on transconductance characterizations at T = 4 K, we estimate a typical electron concentration n 2 × 10 18 cm −3 and mobility µ 1200 cm 2 /Vs. The corresponding Fermi velocity v F , mean free path l e and diffusion coefficient D = v F l e /3, are evaluated to be v F 2 × 10 6 m/s, l e 30 nm and D 200 cm 2 /s (for more details see the SI).
Due to the finite number of scattering paths in the wire, universal conductance fluctuations (UCF) appear in transport signals and are superimposed to the WAL correction. Since they are of the same magnitude, averaging techniques are needed to recover a clear WAL signal. This is typically achieved by measuring different nanowires connected in parallel 31 or by averaging the conductance G of a single wire on different UCF configurations obtained by gating 32, 33 . In our measurements we employ the latter technique and add a low frequency AC modulation of amplitude V avg = 3 V and frequency f avg = 10.320 Hz to either the side gates or the back gate potential. The signal is integrated over a 1 s time window providing the effective averaged resistance R(B) Vavg .
In fig. 1b a representative, averaged magnetoresistance curve is presented showing the resistance R(B) and the conductance correction ∆G(B) = G(B) − G(0), with G(B) = 1/R(B), measured at T = 50 mK. The clear peak in the conductance at B = 0 is due to the presence of a non-vanishing spin relaxation mechanism inside the nanowire. In order to extract the spin and phase relaxation lengths, the correction to the conductivity is studied and compared to the quasi-1D theory for disordered systems
where B is the external magnetic field, l ϕ the phase coherence length, l SO the spin relaxation length, l B the magnetic dephasing length and L = 2 µm the distance between the contacts. The above quantities are connected to the corresponding timescales by the relation
The model presented in eq. (1) is valid in the weak-field limit, i.e. l m W , with l m = h/eB the magnetic length and W the nanowire diameter, and for diffusive transport l e W fulfilled for the nanowire with W 90 nm. It is worth to note that, within this semiclassical model, the spin relaxation length l SO is assumed to be isotropic, then not accounting for any angular dependence of the magnetic field. The only quantity that depends on the field orientation is the magnetic dephas-ing time τ B , that can be written as
where the factor C accounts for the geometry of the nanowire and the orientation of the magnetic field. When the nanowire cross section is a regular polygon, C is isotropic for magnetic fields perpendicular to the wire (B ⊥ ) and it increases for parallel field (B ). In Table 1 we report C calculated for different geometries (see the SI for more details). Figure 1c shows the fit to a typical WAL measurement, obtained with the magnetic field applied along the z-axis. An empirical prefactor A = 3 has been included in eq. (1) in order to obtain a satisfactory fit to the data as similarly done for WAL in one 34 or two dimensional systems 35 . This guarantees satisfactory fits for all magnetic field orientations, temperatures, and gate voltages. The magnetoconductance is acquired for different temperatures from 0.1 K to 10 K as shown in fig. 1d and e. As expected, a crossover from WAL to WL is observed when l ϕ becomes smaller than l SO . The phase coherence length increases by decreasing temperature and saturates below 1 K. The good agreement with the ∝ T −1/3 power law indicates that small electron-electron energy transfers in the 1D system constitute the main dephasing mechanism (Nyquist dephasing) 36 . The saturation of l ϕ for temperature smaller than T ∼ 1 K, can be attributed to the external environment noise 37 . The evolution of the WAL peak along the plane orthogonal to the nanowire (z − y plane) On the right, the WAL of a) and b) are fitted with l ϕ and l SO free to change. e, f) Angle dependence of the fitted relaxation lengths l ϕ and l SO . The strong correlation between the two is made evident by the almost constant ratio l ϕ /l SO . g, h) The same values as above shown in a polar plot. In g) a guide to the eye for the hexagonal geometry rotated by -10
• is shown in blue.
is reported in fig. 2a displaying ∆G measured vs B and the azimuth angle θ. At low magnetic fields (|B| < 0.1 T), the WAL peak displays almost no dependence on θ in agreement with the isotropy of τ B expected from the theoretical prediction (as shown in fig. 2c , left panel). At larger magnetic fields (|B| 0.2 T), the WAL shows three clear peaks periodic in θ (blue regions), suggesting a 6-fold periodicity in 360
• consistent with the hexagonal symmetry of the nanowire cross section. This degeneracy, obtained by the nanowire's suspension, is not easily achieved as small asymmetries in the gates arrangement, or differing charge configurations in different cooling cycles can easily remove it. By fitting the data with eq. (1) the same 6-fold periodicity is visible in both l ϕ and l SO as shown in fig. 2e and g. At first instance, the modulation of l SO may be ascribed to a vectorial dependence of the spin-orbit coupling induced by the confinement geometry. However, the unexpected correlation between l ϕ and l SO suggests that this modulation is an artifact of the simplified model used for fitting. Indeed, the strong correlation can be simply resolved by a geometrical renormalization of τ B in eq. (3), replacing W with an angle-dependent effective width (W ef f ). Physically, W ef f is the width of the nanowire projected on the plane orthogonal to the magnetic filed and accounts for the maximum area available for time-reversed paths. By considering this geometrical correction, with W ef f spanning from the diameter to the faceto-face distance of the hexagonal cross section, it is possible to accurately fit the data while obtaining l ϕ and l SO almost constant to the values l ϕ = 360 nm and l SO 170 nm (see SI). Since the hexagonal 6-fold symmetry becomes visible for |B| > 0.1 T, this correction induced by the geometry is relevant going beyond the weak-field limit (valid for |B| < 0.1 T).
The symmetry of the nanowire in the WAL features is even more evident in the longitudinal planes. Here, a clear 2-fold modulation of the WAL is observed also at low magnetic field as shown in fig. 2b for the z − x plane. A similar result has been observed as well in the x − y plane (see SI). The evolution of WAL in θ shows a considerably narrower peak for magnetic fields parallel to the wire axis. Remarkably, this is in contrast with the theoretical predictions, in which a broadening of the WAL peak is expected due to the angular dependence of τ B (see left panel of fig. 2d ). By fitting the WAL with eq. (1), we observe a periodic modulation of both l ϕ and l SO fig. 2f and h) . Again, the strong correlation between the two relaxation lengths suggests a renormalization of τ B rather than a real vectorial dependence of the spin-orbit coupling. In this case, the renormalization can be justified by mechanisms leading to a increased/decreased flux pick-up and is opposite to the geometrical scaling of C presented in Table 1 . Indeed, for perpendicular magnetic fields, flux-cancellation phenomena 39, 40 can bring to an enhancement of τ B ⊥ , while, for parallel field, winding trajectories can increase the effective area encircled by time-reversed paths 41 leading to a reduced τ B . These mechanisms are particularly relevant when transport is dominated by electron states at the tubular surface of the nanowire, as expected in the case of our suspended nanostructures 34, 42 . Differently, the substrate typically induces an asymmetric electron distribution in the case of non-suspended nanowires 43 and indeed previous works showed instead a widening of the WAL shape for magnetic fields parallel to the nanowire 33 or no significant magnetic field orientation dependence 44 . To remove this degeneracy and induce a real vectorial spin-orbit coupling, an external electric field E is applied along theŷ direction. In order to keep the electron density constant inside the wire, the field is induced by applying an asymmetric potential V SG1 = αV SG2 to the side gate electrodes, with α = −0.4 to compensate for an asymmetric capacitive coupling of the two lateral gates and maintain a constant transconductance 45 . This technique does not a priori exclude a reshaping of the charge distribution that, as discussed before, could also induce an artificial modulation of both l ϕ and l SO as frequently observed in similar nanowires 45, 46 . To distinguish between geometrical effects and real modulation of the SOI, we characterize the (1), a variation of l SO is obtained and is totally uncorrelated to the unperturbed l ϕ (see fig. 3b ). The resulting anisotropy of l SO indicates a vectorial enhancement of the Rashba coupling acting via the external electric field and whose maximal modulation is observed for B perpendicular to the direction of E. To track the evolution of the WAL for different electric field strengths, we directly measured the conductance G(θ) at B = 70 mT. In fig. 3c the traces obtained for different side gate voltages are shown. A clear 2-fold periodicity is always observed and a continuous phase shift ϕ, shown in fig. 3d , remarks a vectorial evolution of the SOI. ϕ is related to the angle for which l SO is maximally reduced due to the enhanced Rashba coupling. Remarkably, a saturation towards −90
• is observed for side gate voltages reaching ±4 V in agreement with fig. 3a . For smaller SG voltages the angular evolution is non-trivial and probably related to geometrical effects of the charge distribution.
In conclusion, we have studied the vectorial dependence of the SOI via angledependent magnetoconductance in suspended InAs nanowires. The WAL clearly follows the symmetries of the hexagonal nanowire showing a 6-fold degeneracy for B lying in the transversal plane and a 2-fold degeneracy in the longitudinal one. These features can be consistently described by the semiclassical quasi-1D model educated to account the geometrical constraints of the system and demonstrate the isotropy of the intrinsic SOI in suspended nanowires. The hexagonal degeneracy is removed in the presence of an external electric field induced by gating. This allows to superimpose a vectorial Rashba coupling inside the nanowire, clearly demonstrated by a 2-fold periodic angular modulation of l SO while l ϕ remains constant. Our findings show the WAL as practical tool to investigate the vectorial nature and amplitude of the spin-orbit coupling, discriminating between geometrical artifacts and real enhancement of the SOI. The achieved vectorial control of the Rashba SOI is essential for any spintronic application and can inspire novel schemes for the manipulation of Majorana bound states. 
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Electrical characterization
In order to electrically characterize our nanowires we have performed standard I − V measurements in a four-terminal configuration. We have thus extracted carrier mobility values by fitting the conductance curves G while changing the back gate voltage V BG . In fig. 4a a typical transconductance obtained at T = 4 K in the four-terminal configuration is shown. The conductance G is fitted with the expression:
where C BG ∼ 120 aF is the back gate capacitance, as estimated by electrostatic simulation, L = 2 µm is the separation between the contacts, µ is the nanowire mobility and V th is the threshold voltage. By fitting the data with the expression (4) a mobility µ 1200 cm 2 /Vs is estimated from which a typical carrier density at V BG = 0 V of n 2 × 10 18 cm −3 is obtained. From the electron relaxation time τ e = m * µ e and the Fermi velocity v F =h m * (3π 2 n) 1/3 , we can then evaluate a mean free path l e = v F τ e 30 nm, where the effective mass m * = 0.023m e for InAs has been used. In fig. 4b a the conductance G as a function of the back gate voltage V BG is shown at a lower temperature of T = 50 mK. At this temperature, UCF are clearly visible and superimposed to the conductance signal. In order to average their contribution in the magnetoconductance measurements, an AC back gate modulation is used as explained in the main text. The voltage window of V avg = 3 V used for averaging is indicated in red. To fully characterize our device, we have also estimated the capacitive coupling of both side gates with respect to the nanowire as shown in fig. 5a . This allowed us to precisely control its carrier density and to induce tunable electric fields without affecting the overall wire charge concentration. In fig. 5b the conductance G is shown while sweeping the side gate voltages by applying the asymmetric potential V SG1 = −0.4V SG2 . In this way we achieved to keep constant the nanowire conductance G while applying the external electric field. The curve obtained when no averaging is performed is indicated in blue, in which UCF are still clearly visible, while in red the curve obtained when the back gate modulation is turned on in which the UCF contribution is completely averaged. Weak anti-localization with renormalized τ B Figure 6a shows the WAL investigated in the z − y plane as a function of the magnetic field orientation as discussed in the main text. In order to fit the data, here the magnetic dephasing time τ B is modified while changing the field orientation by spanning W from the diameter W C at θ = 0 (i.e. the corner-to-corner distance of the hexagonal cross section) to the face-to-face distance at θ = π/2:
We note that within the semiclassical quasi-1D model of WAL 29, 39 , τ B is predicted to be independent of the magnetic field orientation in the longitudinal plane. The fit of the data with the modified expression of τ B (θ) is shown in fig. 6b . The 6-fold periodicity visible at high magnetic field is now well described by the modified expression of τ B and is reflected in the fitted values for l ϕ and l SO that remain constant around the values l ϕ ∼ 310 nm and l SO ∼ 175 nm. As discussed in the main text, the WAL measurements in the z−x plane ( fig. 7a) show an opposite behavior with respect to the simple geometrical expectations. However, as already argued, different mechanisms of flux pick-up can bring to a reduction/enhancement of the values of τ B ⊥ and τ B . We have thus adapted the semiclassical model to properly take into account these mechanisms by renormalizing their values: in fig. 7b , the data are now fitted by simply switching the values of the two magnetic dephasing times. Similarly to the transverse z − x plane, also in the x − y plane a widening of the WAL peak is observed for magnetic field parallel to the nanowire ( fig. 8 ). Within the semiclassical quasi-1D model, the expression of the magnetic dephasing time τ B is essentially related to the mean value of the vector potential A over the volume V of the sample 29, 39 :
if a proper gauge is chosen, such as A ·n = 0 wheren is the normal to the surface of the sample. For magnetic field B perpendicular to the wire axis, we can choose A = (0, 0, f (x, y)), e.g.: 
A different non-trivial gauge should be chosen in order to satisfy A ·n = 0 for non-circular nanowire cross section. By calculating y 2 V on the desired geometry we can express τ B as
with the values of C reported in fig. 9 . However, we remark that evaluating the average y 2 V is not equivalent to replace W 2 in the expression of τ B with a different cross sectional area as previously done in different works.
38,45
Temperature dependence
The magnetoconductance acquired for different temperatures T from 0.1 K to 1 K is shown in fig. 10 . The clear decrease of the height of the WAL peak as the temperature raises is the due to reduced coherence length. The resulting fitted values for l ϕ and l SO are discussed in fig. 1e of the main text. 
